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Chendromodulin I (ChM-I) was supposed from its limited expression in cartilage and its functions in
cultured chondrocytes as a major regulator in cartilage development. Here, we gencrated mice deficient in
ChM-I by targeted disruption of the ChM-I gene, No overt abnormality was detected in endochondral bone
formation during embryogenesis and cartilage development during growth stages of ChM-17'" mice. However,
a significant increase in bone mineral density with lowered bone resorption with respect to formation was
upexpectedly found in adult ChM-17'" mice. Thus, the present study established that ChM-I is a bone

remodcling factor.

Endochondral bone development during embryogenesis and
longitudinal bone growth in growing vertebrates require con-
tinuous cartilage growth (18). Proliferating chondrocytes orig-
inate from a region of resting chondrocytes, differentiate first
inlo prehypertrophic chondrocytes and then into hypertrophic
chondrocytes able to secrete the cartilage matrix. Through
invasion by blood vessels, the calcified cartilage and vascular
matrix are gradually replaced by bone matrix with the recruit-
ment of osteoclasts and osteoblasts that mediate bone resorp-
tion and formation and eventual bone remodeling (1, 30).
Thus, in bone growth, blood vessel invasion into cartilage is
pivotal to the process of endochondral bone formation.

Distinct classes of factors are thought to play cognate roles
in the spatiotemporal regulation of the complicated yet se-
quential processes of cartilage differentiation and bone forma-
tion, particularly in angiogenic events. Fibroblast growth fac-
tor-2 (3, 31), transforming growth factor B (3), and vascular
endothelial growth factor (4) are expressed in cartilage and
have been identified as strong angiogenic agents. However,
these factors are also present in avascular cartilage and in
surrounding vascular regions. These findings raise the possi-
bility thal the actions of angiogenic factors may be suppressed
by the inhibitory action of a specific factor in avascular carti-
lage. While tissue inhibitors of matrix metalloproteinase 1 and
2 have been identified from cartilage as possible angiogenesis
inhibitors, they are also expressed in other tissues (20), The
search for a cartilage-specific inhibitor of angiogenesis led to
the identification of chondromodulin 1 (ChM-1), initially iso-
lated from bovine epiphyseal cartilage as a factor with growth-
promaoting activity on cultured chondrocytes (10). ChM-I was
found to be a potent stimulator of proteoglycan synthesis in
growth plate chondrocytes and of chondrocyle colony forma-
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lar and Cellubar Biosciences, University of Tokyo, 1-1-1 Yayoi, Bunkyo-
ku, Tokyo 1130032, Japun. Phone: 81-3-5841-8478. Fux: 81-3-5841.
8477, E-mail: uskitom mail.cccu-tokyoac jp.
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tion in agarose (12). However, ChM-I inhibited cultured vas-
cular endothelial cell tube morphogenesis and growth (8, 9).
Thus, the physiclogical significance of ChM-I during endo-
chondral bone formation as a bifunctional factor of chondre-
cyte growth and angiogenesis inhibition was suggested from
distinct lines of evidence in vitro (27). However, due to the lack
of mice deficient in ChM-I, there has been no information
regarding the physiological role of ChM-1.

In the present study, we disrupted the murine ChM-I gene by
homologous recombination 1o generate ChM-I knockout
(ChM-I'") mice. Homozygous ChM-I~/~ mice were born
without overt abnormalitics and grew normally. Unexpectedly,
ChM-I"'~ mice exhibited no aberrations in endochondral bone
formation during embryogenesis or in cartilage development
during growth stages. However, a significant increase in bone
mineral densily was observed in 12-week-old CAIM-I"'" mice.
Analyses of bone formation and resorption indicators revealed
that bone minerals accumulated in ChM-I~"~ mice due 10
lowered bone resorption with respect 1o formation. Thus, our
study revealed that the physiological role of ChM-I appears to
be involved in the stimulation of bone remodeling through
control of osteoclast and osteoblast functions rather than in
cartilage development in inlact animals.

MATERIALS AND METHODS

Gene targeling. A TT2 emhryonic stem {ES) cell {34) genomic library was
screened with a mouse ChM-1 cDNA probe (24). A 9-kb fragment of mouse
ChM-] containing the coding exons | 1o 3 was used (0 construct a targeting
¥eclor. A stop mutalion was introduced at the beginning of the ChM-1 coding
region, and 3.5-b frapment containing exon 3 was replaced with a phosphoglye-
evate Kinuse-peomycin cassette, TT2 ES cells were transfected with a linearized
Larpeting vecton (25 g per 1.0 % 107 cells) by using a Bio-Rad Gene Pulser 11 m
2500V and 500 pF and grown under G418 selection as described previously (23,
36). Targeted ES cell clones were identified by Southern blot analysis with probe
A and probe NEO (Fig. 1A} and were aggrepated with CD-1 single 8-cell
embryos 1o generate chimeras as deseribed previously (23, 36}, Chimeras were
crrsed with CS7BL/G female mice 10 produce perm line transmission of the
targeted allele. Offspring were genatyped cither by Southern blaning with prabe
A or by PCR with the three specific primers P1 {5 TTGGTTGATGCTTCAG
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FIG. 1. Disruption of the mouse ChM-I gene. (A) Schematic representation of the ChAS-! gene locus {top). gene targeting vector (middle), and
the recombinated locus (bottom). The digested Tragments detected by probe A, probe B. und prohe NEO are indicated by bars. (B) Southern blot
amalysis of targeted ES clones. The targeting frequency was 0.3%. The presence of the 4.5-kb BamHI fragment indicates proper largeting of the
ChM-I locus. and the 3-kb EcoRV fragment indicates the introduction of the stop mutation. (C) Southern blot analysis of tail DNA from the
offspring of heterozygous mates with probu A os deseribed for punet B. (D) PCR genotyping of embryos at e13.5 of heterozygous malings with three
primers {P1. P2, Pneo) as indicated in panel A, Primer | and primer 2 were used to detect the wild-type (WT) ullule {wmplification of a 432-bp
fragmem . Primer 2 and primer NEQ were used 1o deteet the targeted allele (amplification of a 351-hp fragment). (E) Northern blot amalysis of
RNA from ChM-I*"* and ChA-17"~ mive in the top panel. The bottom panel shows ethidium bromide (EtBr) staining of the RNA used.
(F) Western blot anulysis confirming the absence of ChM-1 protein with an ati-ThChM-1 polycional antibody. The top pancl shows the
immunoreactivity after hybridization with anti-ChM-1 amtibody. The bottam pane) shows Coomussie brilliant blute staining of the SDS-polyacryl-
amide gel clectrophoresis gel.
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TGTG-3). P2 (3"CTTGTGCACAGACCAGAACAA-3). and Pneo (3-CCG
CTTCCTCGTGCTTTACGG-3'). Temperature cvcling condilions wete as fol-
lows: denateration at 5°C for 2 min followed by 33 cveles of 95C for 1 min, $4°C
for 1 min, and 72°C for 1.5 min.

Northern blot analysis. Total RNA was prepared from rib cactilage of 3 10
dweekeold CAALIY ™ or ChM-I™ ~ mice by a single-siep methad (33). Total
RNA (15 pug) wis sepurated by electrophoresis on a 19 agarose formaldehyde
gel and wransferred onte a Nytran filter with Turbohlatter (Schleicher and
Schuell), The filter was then hybridized with » **P-labeled probe that is an §22-bp
EcoRI fragment from nucleotides 628 to 1449 of the ChM-1 ¢cDNA. Afier
hvbridization. the filter was washed at 53C for 30 min in | X SSPE (1% SSPE is
18 M NaCl W mM NaH:PO,. and 1 mM EDTA [pHZ.7])-01% sadiam
dodecyl sulfate {SDS) once, then washed at $3°C for 3 min in 0,1 X SSPE-1¢
SDS wwice. The filier was exposed 10 BIOMAX film (Eastman Kodak) a1 =& C.

Western blot analysis, Whole ribs from 3-week-old mice were homogenized in
extraction huffer {20 mM MES [2-(N-morpholino)ethanesutfonic acid]-NaOH
|pH 6.0]. 0.1 M aminocaproate. 6 M guanidium chloride} at 4°C and cenniifuged
at 10,000 X g. The supernatant was diluted with 2 volumes of distilled water and
applied 10 a butyl-teyopear 650 affinity column QSOH. The column was washed
three times with distilled water. Bound proteins were eleted by 70% ¢thanol and
dried. The dried materials (8 pg) were dissolved in Laemmbi bufler, electropho-
resed by $DS-13¢ polyacrylamide gel electrophoesis. and blotied onta an
Immohiton-P membrane (Millipore). Bands that were immunareactive with an
anti-ChM-1 palyclonal antibody for the C-terminal peptides of the mature form
of human ChM-L comesponding 1o the Asp>*? to Val®™ residues, which is a
highly conserved region mnong species (26). were stained by using enhanced
chemiluminescence methods (Amersham Biosciences).

Murphology and histological analyses. For cleared skeletal prepmations (23).
embryos from embryonic day 13.5 (¢13.5) were fixed in 92.5% ethanol for 4 days
und fransferred Lo icetone. After 3 days, they were rinsed with water and stained
for 18 days in a staining solution consisting of 1 volume of 0.1¢% Alizarin red §
(Sigma) in 957 ethanol. 1 volume of 0,3% Alcian blue 8GX (Sigma) in 0%
ethanol, t volume of 106K acetic acid, and 17 volumes of ethanal. After rinsing
with 90% ethanol, specimens were kept in 200% glycerol-1% KOH a1 room
temperature until the skeletons became clearly visible. For hematosylin-fausy
preen-safranin O staining. bones were fixed in 4% paraformaidehyde overnight
and deealeitied in Morse’s solution (10 [wiAol] sodium citrate. 22507 [volivol)
formic acid) overnight prior to embedding in paraffin. For Villanueva Goldner.
toluidine blue. and 1artartic acid resistance alkuline phosphatase (TRAP) stain-
ing. libiae were embedded in glvcobmethacylate without decaleification (36) {see
below).

Bone radiographic analysis and histomerphomeiry. For radiogruphic analysis.
femora from male weight-manched mice were dissected free of sofl tissues and
subjected w0 radiogruphic analysis with a soft X-ray appuratus {model CMB-2;
SOFTEX) (36). Bone mineral density was measured hy dual energy X-ray ub-
sorptiometry with a bone mineral analyzer (PIXImus2; GE Medical Systems).
For in vivo fluorescent labeling (21). a single intraperitaneal injection of calcein
(1.6 mphg of hody weight} was administrated at days 0 and 4. Mice were
sacrificed ut day 5. Tibiue were fixed in 99.5% ethanol and embedded in glycol-
methacrylate without deealcification. Longitudinal serinl sections {7 wn thick)
weie prepared wish a microtome {model 2051, Reichert Jung). The sections were
stuined with Villsnuevd Goldner 10 discriminate hetween minerulized and un-
mineralized bone and 10 identify cellular componems (36). Inages wery visuul-
ized by fluorescent microscopy. Histomorphomeiry of bune sections was per-
formed for st heast eight optical fields of the secondary spongivsa with a
seminutoiiated system for bone anadysis (Osteoplan 1z Carl Zeiss) at 200-fuld
magnification (17). All sections were examined blind, Nomenclatue, symbobs
and units are those recommended by the Nomenclature Committee of the
American Socicty fuor Bone and Minerud Rescarch (22),

Reverse transeription-PCR anzlysis, For the isolation osteablasty for primary
eulture. calvisria from pewboarn CS7BL/6 mice were dissected into picces with
seissors wnd cultured in a-minimal essential medium {a-MEM) containing 1067
head-mactivated fetl bevine serum (FBS) at 37°C in 57 CO-. After the cells
wore grown to subconfluence, total cellular RNA was extracted as previously
deseribed (3353 Femora and tibine were dissected fiee of adherent tissues and
epiphyseal cantilage. and the hone marrow wis flushed out. The total RNA of the
bone was prepased from several mice {12aweek-uld mive). For isaliation of uste-
ocknts, primary calvarial osteobdlasts (1.5 % 107 cellsalish) and bone marrow celbs
(NI gells®lish) were cocultured in o MEM supplemented with 17 FBS, Ja 23
dihydiosy vitamin Dy (107" M) and prostaglandin Ex (107% M) in 100-mm-
ciznneter dishes preconted with type 1 collagen ged feell matris type-1A: Nitta
Gielatin} (28). Ostencdasts were Tormed within 7 diys i the covuliure, and
differentinned esteochints were collecied as deseribed previously {16), The puri-

Mov. CtLL. BioL.

fied osteoclasts in this preparation were subjected to total RNA estraction.
First-strand eDNA was synthesized from total RNA with oligo(dT),-., primer
with the Super Script 18 preamplification svstem (Life Technologies) and sub-
jected 10 PCR amplification with Ex Tug polvmerase (TaKaRa) and the specific
pair of primers mChM-If (in exon §) (5-CTTAAGCCCATGTATCCAAA-3")
and mChM-Ir (in exon 7} (3" -CCAGTGGTTCACAGATCTTC-3"). Tempera-
ture cycling conditions were as follows: denaturation at 96°C for 3 min foljowed
hy 30 eveles of 96°C lor 3tks. 60°C for | min, and 72°C for (s,

In vitro ostevclastogenesis, Bone marrow macrophages wese isolated from
whole tibial bone marrow of 12-week-0ld mice (1 = 3) and cultured in a-MCM
containing 1€z heat-inuctivated FBS at 37°C in 53¢ CO. (16). After 24 h in
culture, the nonadherent cells were collected and replaced in a Y6-well plate (2
X 1 cellsawell) in a-MEM supplemented with 10 heat-inactivated FBS at
37°Cin 5% COy in the presence of 100 ng of recombinant human macrophage
colony-stimulating factor (rhM-CSF) {teukoprol: Kyowa Hakko Koagyo)imlt, Cells
were stimulated with 11H) ng of soluble recombinant human receptor activator of
nuclear factor-«B ligand (1hRANKL: Pepro Teck EC Ltd.)ml on day 4 in the
presence of 100 ng of rhM-CSF/ml. Cells were fixed and stained for TRAP as
described previously (29) on day 9 or 10, TRAP-positive multinuclenied cells
containing three or more nuclei were counted as osteoclasts under microscopie
exantination. The results were expressed as 1he means * standard deviations of
four wells.

Serum and wrinary indicators, Blood from 12-week-old male mice was col-
lected by heart puncture under nembutal (Dainippon Pharmaceutical Co.) an-
esthesia. The levels of calcium. phosphorus. and alkaline phosphatase activity in
serum were measared by using a caleium HR kit (Wako). inorganic phosphorus
11 kit (Wako). and liquitech afkaling phosphatuse kit (Roche Diapnostic). re-
spectively. with an autoanalvzer (type 7170; Hitachi) (36). The levels of osico-
calcin in serum were measured by using the competitive radioimnuncassay kit by
Biomedical Technologies. Inc. The urinary excretion of deoxypyridinoline cross-
links, a marker of hone resorption (32). was measured in urine samples by using
the Pyriliks-D enzyme-linked immunosarbent assiay (Metra Biosystems). Results
were expressed in nanomoles per millimole of urinary creatinine (Cr). as mea-
sured by a standard colorimetric technique with an autoanalyzer (type 717(;
Hitachi).

RESULTS

Generation of targeted ChM-I-null mice. We disrupted the
murine ChM-I gene in ES cells by homologous recombination
to generate ChM-I7'" mice. The targeting vector (Fig. 1A) was
constructed lo introduce a stop codon at Cys-21, and a 3.5-kb
genomic fragment containing exon 3 was replaced by a phos-
phoglyceraie kinase-neomycin cassetie. No overt abnormalities
were found in ChAM-I*'~ mice, and crossbreeding of ChM-1*/~
mice produced normal numbers of pups of all three possible
genotypes (Fig. 1C) with the expected Mendelian distribution
(6] +/+ mice, 128 +/— mice, and 56 —/— mice, for a total of
245 ofspring) (Fig. 1B and C). Northern blot analysis of rib
cartilage from normal mice with a cDNA probe encoding the
mature form of ChM-1 protein detected a single 1.7-kb tran-
scripl. No transcripts were found in ChM-I~' mice, confirm-
ing the disruption of the ChM-f genc (Fig. 1E). Western bt
analysis of whole-rib extracts from ChM-1~'~ mice with an
antibody against the mature ChM-I protein also confirmed the
absence of the ChM-I protein (Fig. 1F).

ChM-I is not required for cartilage development and endo-
chondral bone formation. CAM-I™'~ mice grew normally with
no discernible physical defects and with normal fertility. As
ChM-1 had been implicated in cartilage development, endo-
chondral bone formation, und morphogencsis of the eye, care-
ful histological examination of these tissues from ChM-1 7
mouse embryos and mice at various growth stages was per-
formed. However, we failed 10 defect any abnormalities in
cartiluge formation (Fig. 2A). first ossification (Fig. 2B) in
ChAM-1 7~ fetuses, and sccondary ossification in ChM-1 -
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tibia

metatarsal metatarsal

P . -

FIG. 2. No abnormality in cartiluge development and endochondral bone formation of ChM-[7'7 mice, (A) Alizarin red and Alcian blue staining of ¢ 1.5 embryos, Bur, 2 mm. (B) Safrunin

O-fast green-hematoxylin staining of proximal growth plate of tibiac from e18.5 embryos. Bur, 0.1 mm. h, hypertrophic zone; p. proliferuting zone; r, resting zone. (C) Safranin O-fast

green-hematoxylin staining of epiphyses from 1-week-old mice, Bur, 0.5 mm. (D} Safranin O-fust green-hematoxylin staining of epiphyses from 3-week-old mice. Bur, 0.3 mm. In all panels,
no overt dilference was delected between CAM-I™Y and ChM-J™' mice.
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mice at 1 and 3 weeks old (Fig. 2C and D), in agrecnient with
normal growth of ChiM-I~'" mice.

Mice homozygous for the ChM-1 mutation exhibit increased
bone mineral density. Unexpectedly, a significant increase in
bone mineral density was observed in 12-week-old ChM-I7'~
mice but not in ChM-1"'" mice. Also, the radiographic mineral
density of the femur in mutant mice was approximately 10%
higher than in wild-type mice {Fig. 3A and B). Histomorpho-
metric analyses confirmed that trabecular bone volumes (bone
volume per tissue volume) in mutant mice were 2.5-fold higher
than in wild-type mice (Fig. 3C and E). However. no significant
dilterences in bone or body size and shape were observed
between ChM-I~'" and wild-type mice. Osteoid surfaces (os-
teoid surface per bone surface) in mutant mice were 54%
lower than in wild-type mice (Fig. 3F), but the osteoid thick-
ness value in mutanl mice was equivalent to that in wild-type
mice (Fig. 3G). Indeed, the expression of the ChM-I gene was
detected in the primary cullure osteoblasts and total bone.
though their expression levels appear to be much lower than
those in cartilage (Fig. 4).

As it was possible that the obscrved increase in bone mineral
density was related to bone remodeling (2), we studied bone
lormation and resorption in terms of osteoblast and osteoclast
function. TRAP-positive mature osteoclast and chondroclast
numbers were reduced in ChM-J~'~ mice (Fig. 3D). This was
in agreement with the results of histomorphomelry analyscs
that showed that the numbers of bone osicoclasts {osteoclast
number per bone perimeter) and surface osicoclasts {oste-
oclast surface per bone surface) in ChM-I~'~ mice were 33 and
349 lower than in wild-type mice. respectively (Fig. 3H and I}.
Eroded surface (eroded surface per bone surface) values,
which represent osteoclast activity, were also significantly de-
creased in ChM-I~'" mice (Fig. 31). In addition, osteoblast
surface (osteoblast surface per bone surface) values, a reliable
histomorphometric indicator of active ostcoblast numbcrs,
were significantly reduced to approximately 60% by ChM-I
inactivation {Fig. 3K). Reflecting the reduced ostcoclast and/or
chondroclast activity in CAM-I™'" mice. more cartilaginous
matrix remained in the first spongiosa of fibiac in the Chif-
I7'" mice than in wild-type mice (Fig. 3C, right).

Laoss of ChM-1 affects bone metabolism. We then estimaied
the bone formation rate directly by using calcein double-label-
ing of the mineralized matrix (22). Both the mineral apposition
rate (MAR) and bone formation rate (BFR) (BFR pcr bone
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ChM-|

GAPDH

FI1G. 4. ChM-1 mRNA expression in bone. The top panel shows the
ChM-1 transeripts. The bottom pane] shows glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH) transcripts. Primary calvarial osteo-
blasts from newborn wild-type mice were cultured as described in
Materials and Methods. Bones from wild-tvpe 12-week-old mice were
prepared as described in Materials and Methods. Osteoclasts were
punficd from coculture bene marrow cells with calvarial osteablasts.
Rib cartilage from 4-wecek-old wild-tyvpe mice was dissected {ree of
adherent soft tissues, Reverse transcription-PCRs performed in the
ahsence of reverse transeriptase (—RT) failed to detect any transcripts
{representative lane shown).

surface) were significantly decreased in ChM-T~'~ mice (Fig.
5A, B. and C). Reduced levels in serum of markers for osteo-
blastic function (alkaline phosphatase activity and osteocalein)
(Fig. 5E and F} and no alteration in serum niinerals (Fig. 5G,
H) supported the hypothesis that bone formation activity was
reduced by ChM-I inactivation. Total urinary deoxypyridino-
ling levels, a marker of bone resorption, were measured by
enzyme-linked immunosorbent assay; however, no statistical
difference was observed between wild-type and ChA-17'~ mice
(Fig. 5D). Moreover, in vilro osteoclastogenesis with doner
bone marrow macrophages from mutant and wild-type mice
revealed that ChAM-1 inactivation appears to cause no abnor-
mality in osteoclastogenesis (Fig. 6). Our results indicated that
the increased bone mineral density in ChM-I™" mice ap-
peared Lo be due 10 lowered bone resorption with respect 1o
bone formation. Thus, the present study established that
ChM-I is likely to be a bone remodeling Tactor rather than
being involved in chondrocyte development.

FIG. 3. Increased bone mineral density in -1 ="~ mice (12 weeks of age). (A and B) Radiological analyses of femora. {A) Plain X-ray images
of femora, (B} Bone mineral density of femora measured by dual-energy X-ray absorptiometry. Bars represent means = standard crrors for
wild-type (black bars) and mutant (white bars) mice. **. P < 0,01 between the two groups, Statistical differences between groups were assessed
by Student’s ¢ test. (C und D) Histological analyses of prosimal tibiae, (C) Undecalcified plastic sections were stained with toluidine blue. which
stains cartilage violet and hone clear. The panels on the right are higher magnifications of the boxed areas in the pancls on the lefl, Bars, 0.5 mm
(efty and 0.8 mm {right}. (D) Undecalcified plastic sections were stained with TRAP, which stains mature chondraclists {arrowheads) and
osteoclusts (arrows) red, Bar, 0,1 mm. (E 1o K) Static bene histomorphometric amalyses of trabeendar bones in proximid tibiae from 12-week-old
mice, (E) Percent bone volume per tissue volume (BV/TV) represents the ratio of bone volume to tissue volume and estimates bone mass. Percent
ustenid surface per bone surfuce (QS/BS) (F) und osieoid thickness (Q.Th) {G) represent the proportion and thickness of bone surface covered
with unmineralized matris, respectively. (H) Percent osteoblast surface per bune surlace (Ob.S/BS) represents the proportion of bone surface
covered with osteoblssts, Ostcoclast number per bone perimeter (N.Oc/B.Pm) (1) and pereent osteoclast surface per bone surface (Oc.S/BS)
(1) estimate bone reserption as osteoclast number and swrface, respectively, divided by bone surface, (K) Eroded surface represents the function
of osteuclasts. ES/BS, eroded surface per bone surface. Bars represent means 2 standard errors for wild-type {bliack bars) and mutant (white bars)
mice, Asterisks indicate statistically significant differences between the two groups. *, "% and *** indicate P values of <005, <001, <0005,
respuctively,
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A B C
Mineral apposition rate Bone formation rate
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(n=12) (n=12) (n=12) (n=16) {(n=11) (n=11) (n=5)  (n=7) (n=11) (n=15)

FIG. 5. Dynamic histomorphometric and serum biochemical parameters of bone metabolism in ChM-1*'* and ChM-17'" mice (12 weeks of
age). MAR (A) and BFR (B) are using sections from animals that were double-labeled with caleein in vive, MAR and BFR measure the amount
of bone that is mineralized or deposited per time unit and are based on the measuremem of the distance between the two fluorescent labels.
(C) Two calcein-labeled mineralization fronts of tibine trabecular bones from ChM-I"'* and ChM-I7'" mice were visualized by fluorescent
micrography. {D) Urinary deoxypyridinaline (DPD) excretion in 12-week-old wild-type and ChM-I7"" mice. (E) Alkaline phosphatase activity in
serum. () Osteucalein level in serum, (G) Calcium level in serum. (H) Phosphorus level in serum. Bars represent means * standard errors for
wild-type (black bars) and mutant (white bars) mice, Asterisks indicate statistically significant differences between the two groups (%, P < 0.05

P 001, **, P < 0.005).

DISCUSSION

ChM-1 is a 25-kDa glycoprotein generated from a larger
transmembrane precursor after posttranslational modification
and proteolytic cleavage at a processing signal site (10), ChM-1
was originally purified from bovine cpiphyseul cartilage as a
growth factor that stimulated anchorage-independent growth
of chondrocyles in agarose (8) and induced proteoglycan syn-
thesis (8). However, ChM-I also possesses inhibitory activity on
the growth and tube morphogenesis of cultured vascular en-
dothelial cells. Due to its bifunctional activitics in vitro, it was
thought thut ChM-1 might pliy a pivetal role in endochondral
bone development during embryogenesis and in postnatal car-
tilage growth in vivo (27). However, our present observations
with ChM-17'" mice showed that ChM-T was not essential for
norma! cartiluge Tormation and development. Indeed, our

study revealed that ChM-T is more likely 10 be involved in
normal bone remodeling, probably through regulating oste-
oclast and osteoblast numbers and functions, Detailed anulysis
of bones from ChM-17"" mice showed that bone resorption
wiis lower in comparison 1o bone formation, leading 1o in-
creased bone mineral density and insufficient bone turnover.
Considering the marked cartilage phenotypes of mice defi-
cient for angiogenic factors (6, 11, 33) or their inhibitors (7,
14). with which ChM-I was considered an equally potent factor
in the cell culture systems (8, 9). the normal development of
cartilage at embryonic and postnatal stages in ChM-I7'" mice
was uncxpected. Furthermore, no overt abnormalitics were
found in tests for rib fracture healing in adult CAM-I™~ mice
(duta not shown}. It is possible that a functionally redundant
Tactor may compensale for the lack of ChM-T activity in CitM-
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FIG. 6. In vitro osleoclastogenesis is not attached to ChM-! inac-
tivation. Bone marrow macrophages were isolated from tibial bone
marrow of 12-week-old mice and were induced to osteoclast formation
by stimulation with 100 ng of M-CSF/ml and 100 ng of soluble
rhRANKL/mI as described in Materials and Methods. TRAP-positive
multinucleated cells (MNCs) per well were counted. Data are means =
standard deviations for four wells. WT. wild type: KO. knockout; N.S.,
nol significant.

{7/~ mice, While tenomodulin was once assumed 1o mimic
ChM-I action in cartilage development, it was recently shown
that its expression patierns do not overlap with that of ChM-I
in cartilage (25). Moreover, tenomodulin expression was not
affected by ChM-I inactivation in mice {data not shown). Thus,
taken 1ogether, our study suggested the possible existence of a
functionally redundant factor for ChM-1 in chondrocytes.

As the only reported activity for ChM-T involved the stimu-
lation of osteoblast proliferation and diflerentiation (19),
which does not appear 1o explain the bone phenotype of the
ChM-1"'" mice, the function of ChM-I in osteoclasts remains
elusive. However, given the increased bone mineral density in
ChM-1""" mice, ChM-I expression in osteablasts at low levels
may regulate the expression of receptors or ligands that control
the proliferation and/or diflerentiation of both osteoblasts and
osteoclasts. In this respect, as decreased numbers of TRAP-
positive malure osteoclasts were observed in ChM-17/" mice,
the possibility of the involvement of ChM-I in the RANKL-
receplor activator of nuclear factor «B system of osteoclasto-
genesis (13, 15) is of interest and remains to be tested.
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Abstract

Although ostecclasts incorporate bisphosphonates during bone resorption, the mechanism of this incorporation by osteoclasts is not
known. We previously reported that bisphosphonates disrupt the actin rings (clear zones) formed in normal ostecclasts, but did not disrupt
actin rings in osteoclasts derived from osteosclerotic ocfoc mice, which have a defect in the gene encoding vacuolar H™-ATPase
(V-ATPase). The present study showed that V-ATPase is directly involved in the incorporation of risedronate, a nitrogen containing
bisphosphonate, into ostecclasts. Treatment of osteoclasts with risedronate disrupted actin rings and inhibited pit formation by osteoclasts
on dentine slices. Bafilomycin A,, a V-ATPase inhibitor, inhibited the pit-forming activity of osteoctasts but did not disrupt actin rings.
Risedronate failed to disrupt actin tings in the presence of bafilomycin A,. E-64, a lysosomal cysteine proteinase inhibitor, showed no
inhibitory effect on the demineralization of dentine by osteoclasts but inhibited the digestion of dentine matrix proteins without disrupting
actin rings. Risedronate disrupted actin rings even in the presence of E-64. Treatment of osteoclasts placed on plastic plates with risedronate
also disrupted actin rings. Bafilomycin A, but not E64 prevented the disruption of actin rings in osteoclasts treated with risedronate on
plastic plates. Inhibition of V-ATPase with bafilomycin A, also prevented disruption of actin rings by etidronate. a non-nitrogen-containing
bisphosphonate. These results suggest that V-ATPase induced acidification beneath the ruffled borders of osteoclasts and subsequent bone
demineralization triggers the incorporation of both nitrogen-containing and non-nitrogen-containing bisphosphonates into osteoclasts.
© 2003 Elsevier Science (USA). All rights reserved.

Kevwords: Osteoclast: Bisphosphonate: Vacuolur H*-ATPase; Acidification; Actin ring: Ruffled border

Introduction

Osteoclasts are highly polarized cells that form ruffled
borders and clear zones to the bone surface during bone
resorption {1-3]. Attachment of osteoclasts to extracellular
proteins containing the RGD (Arg-Gly-Asp) sequence
through vitronectin receptors is the first step in inducing the
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University. 1780 Gobara. Hiro-oka, Shiojiri-shi. Nagano 399-0781. Japan.
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polarization of osteoclasts [4-6]. Polarized osteoclasts then
secrete acid [7,8] and proteinases including cathepsins trom
the ruffled borders [9-11]. The secreted acids demineralize
the bone matrix, and the proteinases digest bone matrix
proteins including fibrous collagen. Finally, osteoclasts in-
corporate the digested bone matrices via endocytosis and
release the matrix components from the apical membrane
via exocytosis {12,13]. When osteoclasts are cultured on
hard materials such as bone or dentine slices, they form
ringed structures of F-actin dots catled “actin rings,” which
exactly correspond to clear zones of bone-resorbing oste-
oclasts [14,15]. We have shown that disruption of actin

$756-3282/03/% - see front matter © 2003 Elsevier Science (USA). All rights rescrved.
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rings by calcitonin and bisphosphonates results in inhibition
of osteoclast function [16.17]. The actin ring, therefore. is
thought to be a functional marker of activated osteoclasts
(18.15].

Bisphosphonates are compounds with a carbon-substi-
tuted pyrophosphate structure (P-C-P) and are used for the
clinical treatment of bone diseases such as osteoporosis,
Paget’s disease, and hypercalcemia associated with malig-
nancy [20,21]. Biochemical and histolegical analyses have
revealed the mechanism of the inhibitory effects of bisphos-
phonates on osteoclastic bone resorption as follows: When
administered to animals or humans, bisphosphonates bind
rapidly and tightly to bone mineral [21,22]. Osteoclasts
incorporate  bisphosphonates during bone resorption
[17.20-22]. The incorporated bisphosphonates then induce
the disruption of actin rings and apoptosis of osteoclasts
[17,23,24]. Each step is critical for the inhibition of oste-
oclastic bone resorption by bisphosphonates,

We previously reported that tiludronate, a non-nitrogen-
containing bisphosphonate. was specifically incorporated
into polarized osteoclasts with ruffled borders and distupted
the actin rings [[7]. Tiludronate failed to disrupt the actin
rings of osteoclasts derived from osteosclerotic oc/oc mice,
which have a defect in the gene encoding vacuolar H*-
ATPase (V-ATPase). However, tiludronate was able to
completely disrupt the actin rings of osteoclasts derived
from oc/oc mice as well as normal osteoclasts when given
by microinjection into the cells [17]. These results suggest
that ocfoc mouse-derived osteoclasts do not incorporate
bisphosphonates and that V-ATPase is somehow involved
in the incorporation of bisphosphonates,

V-ATPase is localized along the ruffled borders of oste-
oclasts and pumps protons out onto the bone surface
[7.8,25]. Specific inhibitors of V-ATPase such as bafilomy-
cin A, and concanamycin A inhibit the acidification of the
bone suiface below osteoclasts [25,26]. V-ATPase consists
of two complexes, V,, and V| [27,28]. The V, complex
consists of subunits A, B, C, D, E. F, G. and H while the V,,
complex consists of at least three subunits, a, ¢, and d [28].
Subunit “a3 isoform” is strongly expressed in osteoclasts.
and oc/oc mice have a 1.6-kbp deletion in the gene encoding
this subunit [29}. Although the exact role of subunit a3
isoform is not known, it has been suggested that the a3
isoform is a component of the plasma membrane V-ATPase
essential for bone resorption [30]. We have shown that
V-ATPase in oc/oc mouse-derived asteoclasts is not local-
ized to the ruffied borders but is evenly distributed through-
out the cytoplasm [31]. On the basis of these results, we
have hypothesized that the incorporation of bisphospho-
nates into polarized osteoclasts is regulated by the acidifi-
cation of the extracellular microenvironment by V-ATPase.

In order to test this hypothesis, we examined the rela-
tionship between V-ATPuse activity and the incorporation
of bisphosphonates into ostevclasts using risedronate, a ni-
trogen-containing bisphasphonate. Treatment of osteoclasts
with risedronate disrupted the actin rings and inhibited pit

formation by osteoclasts on dentine slices and those o
plastic plates. Inhibition of V-ATPase with bafilomycin A
also inhibited the pit-forming activity of osteoclasts but di
not disrupt the actin rings. Risedronate did not disrupt th
actin rings of osteoclasts in the presence of bafilomycin A,
These results suggest that acidification of the extracellula
microenvironment by V-ATPase is essential for the incor
poration of bisphosphonates into osteoclasts.

Materials and methods
Chemicals and dentine slices

Risedronate was supplied by Procter and Gamble Pha
maceuticals (Cincinnati, OH). Bafilomycin A, concanamy
cin A, E-64, etidronate, and 1,25-dihydroxyvitamin D
[1,.25(OH).D;] were obtained from Sigma Chemical Cc
(St. Louis, MO). Dentine slices (4 mm in diametar, 0.2 mr
in thickness) were made from an ivory block as describe
previously [32]. Polyclonal antibodies against the 72-kD
subunit of V-ATPase were kindly provided by Dr, Y
Moriyama (Okayama University).

Animals and cell cultures

Five-week-old male and newborn ddY mice were ot
tained from Sankyo Laboratories Animal Center (Tokyc
Japan) and Saitama Experimental Animals (Saitama. Jc
pan), respectively. Mice were killed by cervical dislocatio
under light ether anesthesia. Primary osteoblasts were ot
tained from calvariae of newborn mice by the convention:
method with collagenase and dispase as previously de
scribed [32]). Bone marrow cells were obtained from tibia
of adult male mice. Osteoclasts were generated in coculture
of bone marrow cells (1 X 107 cells/dish) and primar
osteoblasts (1 X 10° cells/dish) as described [32]. In brie
cells were cultured in eMEM supplemented with 10% FC
and 10nM 1.25(0H),D; (20 ml/dish) in 100-mm tissu
culture dishes (Corning, Inc., Corning, NY} at 37°C unde
5% CO, /95% air. Dishes were coated with type I collage
gels (Nitta Gelatin, Osaka, Japan) just before the cells wer
plated (5 ml/dish). Medium was replaced every 3 days wit
fresh medium containing 10 nM 1.25(0H},D,. After 7 day
in culture, osteoclasts generated on collagen gels were 1t
covered by the digestion of the collagen gels with 0.1¢
collagenase solution. The recovered cells, which includ
osteoclasts and osteoblusts, were used in the experiments

Actin staining

Osteoclasts recovered from cocultures were plated o
dentine slices and cubtured for 1 h in 96-well culture plate
(1 % 107 cells/0.2 ml/well). Dentine slices were then care
fully trunsferred into 48-well-culture plates, and then riseds
onate (10 uM), etidronate (10 gM). calcitonin (10 ny/ml
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bafilomycin A, (50 nM), and/or E-64 (100 nM) were added
separately or in combination to the cultures. After a further
24 h, they were fixed with 3.7% formalin diluted with PBS
and rinsed for 1 min with PBS containing 0.1% Triton
X-100 {Sigma), F-actin in the cells was labeled with rho-
damine-conjugated phalloidin (Molecular Probes, Eugene,
OR) by incubating for 30 min in the dark [17]. After being
washed with distilled water, actin rings were visualized
under the microscope with ultraviolet light illumination.
Osteoclasts recavered from cocultures were also placed in
48-well culture plates (I X 10° cells/0.4 mliwell) and
treated with risedronate {10 uM), etidronate (10 uM), cal-
citonin (10 ng/ml), bafilomycin A, (50 nM), and/or E-64
(100 nM). After culture for 24 h, they were fixed and
subjected for F-actin staining. The number of actin rings on
the dentine slices or plastic plates was counted. Bisphos-
phonates are rapidly adsorbed onto the dentine surface. The
amount of risedronate or etidronate per dentine surface was
2 nmol/slice (12.6 mm?). The results obtained from a typical
experiment in three independent experiments were ex-
pressed as the means * SD of four cultures. For statistical
analysis of the results, groups were compared with Stu-
dent’s f test.

Analvsis of pit-forming activity of osteoclasts

Osteoclasts recovered from the cocultures were placed
on dentine slices (4 mm in diameter) in 96-well culture
plates (1 % 10° cells/0.2 ml/well) and cultured for 1 h as
described above. The dentine slices were then transferred
into 48-well-culture plates (Corning) (0.4 ml/well) by the
use of forceps. Risedronate (10 uM), calcitonin (10 ng/ml},
bafilomycin A, (50 nM), and/or E-64 (100 nM) were added
separately or in combination to the cultures. After the cells
were cultured for another 24 h, the dentine slices were
recovered and stained with Mayer's hematoxylin (Sigma) to
visnalize resorption pits. The number of resorption pits on
the slices was counted using a microscope.

Analvsis of V-ATPase distribwtion in osteaclasts by
immunoelectron microscopic examination

Osteoclasts were cultured on dentine slices with or with-
out bafilomycin A, (50 nM) for 24 h. Cultures were then
fixed with a mixture of 4% formaldehyde and 0.1% glutar-
aldehyde in 0.1 M sodium cacodylate buffer (pH 7.3), de-
mineralized in 10% EDTA, embedded in medium grade LR
gold resin (London Resin Co. Ltd.. Basingstoke. UK}, and
polymerized at -20°C under ultraviolet light. Ultrathin sec-
tions were mounted on Formver-coated nickel grids and
treated with 10% BSA in PBS for 30 min to block the
nonspecific binding of antiserum. The sections were incu-
bated overnight at 4°C with rabbit anti-V-ATPase antibody
and were then incubated for 1 h with goat anti-rabbit IgG
conjugated with 10-nm colloidal gold particles (BioCell
Research Laboratories, Cardiff, UK). After being rinsed

Control »

Pits/slice

Fig. 1. Effects of risedronme. calcitonin, and bafilomycin A| on the pit-
forming activity of osteoclasts. Osteoclasts were cultured on dentine slices
in the absence or presence of risedronate (10 uM), bafilomycin A, (50
nM). and calcitonin (10 ng/ml). After cells were cultured for 24 h. they
were removed from the dentine sltices. Resorption pits on the slices were
visualized by staining with Mayer's hematexylin (A). The number of pits
on the slices was counted (B). Data are expressed as means £ SD of four
cultures. *Significantly ditferent from the control culture: P < 0.01, Bar =
100 um.

with PBS and distilled water, the sections were stained with
uranyl acetate and examined using a Hitachi H-7000 elec-
tron microscope.

Results

Effects of risedronate, caleitonin, und bafilomycin A; on
pit-forming activity and actin ring configuration of
osteoclasts

When osteoclasts were cultured on dentine slices for
24 h, resorption pits were formed (Fig. 1A and B). Bafilo-
mycin A,, a potent inhibitor of V-ATPase, strongly inhib-
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Fig. 2. Effects of risedronate. calcitonin. and bafilomycin A, on the actin
ring configuration of osteoclasts. Osteaclasts were cultured on dentine
slices for 24 h with or without risedronate (10 M), bafilomycin A, (50
nM), or calcitonin (10 ng/ml). The cells were then fixed and labeled with
rhodumine-conjugated phalloidin for visualization of F-actin (A). The
number of actin rings on the slices was counted (B). Arrows indicate
osteoclasts. Data are expressed as means = SD of four cultures. *Signif-
icantly difterent from the contro] culwre: P < 0.01. Bar = 100 um.

ited the pit-forming activity of osteoclasts (Fig. 1A and B).
Treatment of osteoclasts with risedronate reduced the num-
ber of pits by about 30% (Fig. 1B). The resorption pits
formed in the presence of risedronate showed much less
staining than those in the controls, This suggests that the
depth of the pits formed in the presence of risedronate was
less than that of controls. Calcitonin inhibited pit formation
as potently as did bafilomycin A, (Fig. 1A and B).

In the control cultures, actin rings were observed in
osteoclasts on dentine slices after culturing for 24 h (Fig.
2A and B). Treatment of the osteoclasts with risedronate
or calcitonin for 24 h completely disrupted the actin
rings. In contrast, treatment with bafilomycin A, did not
disrupt the actin rings of osteoclasts even after 24 h.

Concanamycin A (folimycin), another V-ATPase inhibi-
tor, also inhibited the pit-forming activity of osteoclasts
but did not disrupt the actin rings (data not shown).
Interestingly, treatment with bafilomycin A, or with con-
canamycin A caused osteoclasts on dentine slices tc
expand (Fig. 2A). These results suggest that inhibition of
the V-ATPase activity of osteoclasts suppresses the bone-
resorbing activity but does not alter the configuration of
actin rings in osteoclasts.

Effects of bafilomycin A, on risedronate and calcitonin
disruption of actin ring configuration

To determine whether risedronate disruption of actir
rings in osteoclasts requires V-ATPase activity, we treatec
osteoclasts with risedronate in the presence of bafilomycir.
A,. Risedronate given alone caused disruption of the actir
rings (Fig. 2A), but risedronate had no effect on actin ring:
in the presence of bafilomycin A, (Fig. 3A and B). Ir
contrast, calcitonin disrupted actin rings even in the pres-
ence of bafilomycin A, (Fig. 3A and B). Treatment ol
osteoclasts with risedronate also did not disrupt actin ring:
in the presence of concanamycin A (data not shown). Ni-
trogen-containing bisphosphonates, including risedronate
have been shown to inhibit osteoclast function by suppress.
ing the mevalonate pathway: geranylgeranyl diphosphate ol
mevalonic acid prevented inhibition of osteoclasts by nitro-
gen-containing bisphosphonates but not by non-nitrogen-
containing bisphosphonates [33-36]. Therefore, we exam-
ined the effects of etidronate, a non-nitrogen-containing
bisphosphonate, on the actin ring configuration in oste.
oclasts placed on dentine slices (Fig. 3C). Etidronate dis-
rupted actin rings in osteoclasts, and this effect was inhib-
tted by bafilomycin A,. These results suggest tha
V-ATPase activity is required for the incorporation of bott
nitrogen-containing and non-nitrogen-containing bisphos-:
phonates into osteoclasts.

Effects of bafilomycin A, on V-ATPase localization in
osteoclasts

We examined the subcellular localization of V-ATPast
in osteoclasts treated with or without bafilomycin A, by
immunoclectron microscopy. [Immunogold particle distribu:
tion indicating V-ATPase was observed to be highly local
ized along the ruffled borders of dentine-resorbing oste
oclasts (Fig. 4). In contrast, osteoclasts treated witl
bafilomycin A, did not form ruffled borders, and sparsc
V-ATPase localization was observed diffusely throughou
the cytoplasm of osteoclasts (Fig. 4). These results sugges
that disruption of V-ATPase localization to the ruffled bor-
der by bafilomycin A, results in the lack of acidification o
the dentine surface,
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Fig. 3. Effects of bafilomycin A, on the disruption of actin rings induced
by risedronate, etidoronate, and calcitonin. Osteoclasts were cultured on
dentine slices for 24 k with or without risedronate (10 M) or calcitonin
(10 ng/ml) in the presence or absence of bafilomycin A, (50 nM) (A. B).
Cells were then fixed and labeled with rhodamine-conjugated phalloidin
for visualization of F-actin (A). Arrows indicate osteoclasts. The number of
actin rings on the slices was counted (B). Osteoclasts were also cultured on
dentine slices for 24 h with or without etidronate (10 uwM) in the presence
or absence of bafilomycin A, (50 nM) (C). Cells were then fixed and
labeled with rhedamine-conjugated phalloidin, and the number of actin
rings on the slices was counted. Data are expressed as means £ SD of four
cultures. *Significantly different from the control culture; P < 0.01. Bar =
100 um,

Actin rings/slice

Effects of a proteinase inhibitor, E-64, on actin ring
configuration of osteoclusts

Osteoclasts digest bone matrix proteins with proteinases
after the matrix is demineralized with acid. We previously
reported that when E-64, a lysosomal cysteine proteinase
inhibitor, was added to the culture of osteoclasts on dentine
slices, E-64 inhibited the digestion of dentine matrix pro-
teins with proteinases but not demineralization of dentine

with V-ATPase [37]. We then examined whether proteinase
activity is required for risedronate-induced disruption of
actin rings in osteoclasts, Osteoclasts were cultured for 24 h
on dentine slices in the presence or absence of E-64, risedr-
onate, or calcitonin (Fig. 5). E-64 did not disrupt the actin
rings in osteoclasts (Fig. 5A). Risedronate and calcitonin
disrupted the actin rings even in the presence of E-64 (Fig.
5A and B). These results suggest that risedronate can be
incorporated into osteoclasts even when the digestion of
bone matrix proteins is inhibited by E-64.

Effects of risedronare, calcitonin, bafilomycin A,, and E64
on actin ring configuration of osteoclast placed on plastic
plates

To prove whether the acidification is only important to
release bisphosphonate from dentine slices, we examined
the effects of risedronate on osteoclasts placed on plastic
plates instead of dentine slices (Fig. 6). When osteoclasts on
plastic plates were treated with risedronate, actin rings were
disrupted as well as those on dentine slices (Fig. 6A and B).
However, in the presence of bafilomycin A, risedronate
failed to disrupt actin rings in osteoclasts on plastic plates.
E64 did not affect risedronate-induced disruption of actin
rings (Fig. 6A and B). These results suggest that V-ATPase
activity is involved in incorperation of bisphosphonates by
osteoclasts even in the absence of calcified dentine slices.

Discussion

Many lines of evidence indicate that V-ATPase and
proteinases play essential roles in osteoclast-mediated bone
resorption [7-11,29,38-40]. The present study showed that
V-ATPase-induced acidification below the ruffled borders is
important for incorporation of bisphosphonates into oste-
oclasts. Risedronate bound to dentine slices was able to
disrupt actin rings in osteoclasts. This effect was blocked by
inhibition of V-ATPase with bafilomycin A, but not by
inhibition of proteinases with E-64. These results suggest
that V-ATPase-mediated but not proteinase-mediated deg-
radation of dentine matrix proteins is involved in the incor-
poration of bisphosphonates into osteoclasts.

Nitrogen-containing bisphosphonates such as pamidr-
onate, alendronate, and risedronate inhibit the mevalonate
pathway in osteoclasts [33-36]. Non-nitrogen-containing
bisphosphonates such as etidronate do not inhibit the me-
valonate pathway and thus inhibit osteoclasts via a different
mechanism [33-36]. In agreement with these findings, ei-
ther geranylgeranyl diphosphate or mevalonic acid added to
the osteoclast cultures prevented the disruption of actin
rings induced by risedronate, but not that induced by etidr-
onate (data not shown). These results suggest that both
nitrogen-containing and non-nitrogen-containing bisphos-
phonates are incorporated into osteoclasts in the same man-
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Fig. 4. Distribution of immunogold particles indicsting V-ATPase in the osteoclasts treated with and without bafilomycin A,. Osteoclasts were culuured
dentine slices for 24 h in the absence or presence of batilomycin A (50 nM}. Ultrathin sections of osteoclasts were prepared and incubated with rab
anti-V-ATPase antibodies and then with goat anti-rubbit [gG conjugated with 10-nm colloidal gold particles. Immunogold particles. which indicure |
distribution of V-ATPuse, appear as bluck dots in photomicrographs. Bar = 500 nm.

ner, but the intracellular actions of the two types of bisphos-
phonates are different.

Ito et al. [41] reported that osteoclasts in oc/oc mice
could incorporate bisphosphonates administered in vive.
Apoptosis of osteoclasts in oc/oc mice was observed after 3
days of a single injection of | mg/kg of incadronate. Since
osteoclasts of ocfoc mice fail to form ruffled borders, it is
suggested that osteoclasts incorporate bisphosphonate from
a site different from ruftled borders. Halusy-Nugy et al. [42]
showed that relatively high concentrations of alendronate or
risedronate also induce apoptosis of osteoclasts. In our ex-
periments. risedronate at the concentrations used induced
apoptosis of a small number of osteoclasts (less than 10%).
These results suggest that the disruption ol actin rings may
not necessarily result in apoptosis of osteoclasts and that

bisphosphonates at high concentrations may enter into «
teoclasts and induce apoptosis of osteoclasts.

Immunoelectron microscopic analysis showed thit
ATPase was highly localized to the ruffled border in nomn
polarized osteoclasts, but that it was diffusely distribut
throughout the cytoplasm in osteoclasts treated with batil
mycin A,. Lee et al. [43] found that V-ATPase direo
binds to the microfilaments during the process of osteock
activation. They also suggested that the B subunit of
ATPase contains a filamentous actin binding site [44]. ]
terestingly, bafilomycin A, induced the expansion of os
oclasts, These data, together with our findings, suggest il
bafilomycin A may inhibit the interaction between mic
filaments and V-ATPase and that this interaction is requir
for V-ATPuse enzymatic activity.
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Fig. 5. Elfects of E-64 on the disruption of actin rings induced by risedr-
onite and calcitonin. Ostecclasts were cultured on dentine slices for 24 h
with o without risedronate (10 uM}) or calcitonin (10 ng/ml) in the
presence or absence of E-64 (100 nM). Cells were tixed and labeled with
rhudumine-conjugated phalloidin for visualization of F-actin (A). The
number of actin rings on the slices was counted (B). Arrows indicate
osteovlasts, Data are expressed as means £ 8D of four culwres, *Signif-
icntly different from the control culture; P < 0.01. Bar = 100 um.
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We previously reported that tiludronate failed to inhibit
the process of actin ring formation by osteoclasts on dentine
slices, but disrupted actin rings soon after osteoclasts began
to form resorption pits [17}. Actin rings of oc/oc mouse-
derived osteoclasts showed strong resistance to tiludronate
added to the culture medium, but the microinjection of
tiludronate into oc/oc mouse-derived osteoclasts as well as
into normal osteoclasts disrupted actin rings within 20 min
{17]. In the present study, resorption pits slightly stained
with dye were observed on the surface of dentine slices even
in the presence of risedronate. These results supports the
notion that bone resorption is a critical process for incorpo-
ration of bisphosphonates into osteoclasts.

Okahashi et al. [45] reported that inhibition of V-ATPase
by bafilomycin A, or concanamycin A suppressed the sur-
vival of TRAP-positive osteoclasts due to inducing apopto-

sis. We noticed that TRAP activity was markedly reduced in
osteoclasts by the treatment with bafilomycin A, and con-
canamycin A (data not shown). TRAP-positive cells were
hardly detected in the cultures of osteoclasts treated with
V-ATPase inhibitors. However, F-actin staining showed
that the number of multinucleated cells with actin rings was
not significantly reduced in the culture treated with V-
ATPase inhibitors at the concentrations used. Actin rings of
TRAP-negative multinucleated cells were completely dis-
rupted by calcitonin, suggesting that TRAP-negative
multinucleated cells induced by V-ATPase inhibitors pos-
sess one of the most important characteristics of osteoclasts,
the responsiveness to calcitonin. Further studies will eluci-
date the relationship between enzyme activities of V-AT-
Pase and TRAP in osteoclasts.

We previously reported that osteoclasts polarize not only
on dentine slices but also on plastic plates [13). Osteoclasts

Control Bafilomycin A

Risedronate

Calcitonin

Control Bafilamycin Ay E64

200
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100+

50+ » .

Actin rings/well
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Risedronate — 4+ — — 4+ — — 4 =
Calctonin — — 4+ — — F = — 4

Fig. 6. Effects of risedronate. calcitonin. bafilomycin A,. and E64 on actin
ring configuration in osteoclasts placed on plastic plates. Osteoclasts were
culred in 48-well culture plates in the presence or ubsence of risedronate
(10 pM) or calcitonin (10 ng/ml) in combination with bafilomycin A, (50
nM) or E-64 (100 nM). After cells were cultured for 24 h. ceils were fixed
and labeled with rhodamine-conjugated phalloidin for visvalization of
F-actin (A). The number of actin rings in the wells was counted (B). Data
are expressed as means * SD of four cultures. *Significantly ditferent from
the conirol culture; £ < 0.01. Bar = 100 um.
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placed on plastic plates formed actin rings, and V-ATPase
was localized along the apical membrane in a much higher
density than along the basolateral membrane. Silver et al.
[46] showed that osteoclasts generate an acidic mocroenvi-
ronment (pH 3.0 or less) specifically in the attachment zone
between the cell and the base of culture dish using pH
microelectrodes. These findings support our notion that
acidification of microenvironment by V-ATPase activity is
important for the uptake of bisphosphonate even in the
absence of calcified matrix.

The final question in this study addresses why V-ATPase
activity is important for the uptake of bisphosphonates by
osteoclasts. Although the precise mechanism of the specific
incorporation of bisphosphonates by bone-resorbing oste-
oclasts is still unknown, our study may provide some pos-
sible answers to this question as follows: (1) Bisphospho-
nates have the “P-C-P" backbone structure with various side
chains on the carbon [20,21). Acidic conditions below the
ruffled borders of osteoclasts increase the amount of non-
polar types of bisphosphonates, which may easily pass
through the plasma membranes of osteoclasts. We deter-
mined the dissociation constants of risedronate in H,O and
found that risedronate possesses five pK, values, 1.6, 2.2,
5.9, 7.1, and 11.7 {data not shown). This indicates that the
polarity of risedronate changes significantly depending on
the acidity of the microenvironment. A decrease in the
polarity of bisphosphonates due to acidic conditions may
increase their accessibility to the plasma membranes of
cells. (2) Since the refractoriness to bisphosphonates was
observed with lack of ruffled borders, it is possible that the
formation of ruffled borders accompanied by acidification is
important for the incorporation of bisphosphonates. Further-
more, if osteoclasts express proteins essential to specific
incorporation of bisphosphonates, the proteins will function
at the ruffled borders. (3) Inhibition of V-ATPase in oste-
oclasts may stabilize the structure of actin rings to resist
bisphosphonates. Further studies are necessary to elucidate
the precise mechanism of specific incorporation of bisphos-
phonates by polarized osteoclasts.

In conclusion, V-ATPase acidification of the extracellu-
tar microenvironment under the ruffled border of osteoclasts
appears to be essential for the incorporation of bisphospho-
nates into osteoclasts. This observation may help optimize
the design of new drugs for incorporation by osteoclasts.
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